Abstract V-shaped beams are widely applied for the suspension of the sensors, fiber holders, and the suspension arms of atomic force microscopes. The performance of the V-shaped beam is highly dependent upon its initial out-of-plane deflection. This paper reports on the exploration of the out-of-plane deformation of V-shaped micromachined beams. A finite element model has been established to predict the deformation of a V-shaped micromachined beam. The fabrication and characterization of various shapes of SiO 2 V-shaped micromachined beams has been performed to observe the out-of-plane deformation caused by residual stress. With the difference between the analytical and experimental results, an etching process dependent mechanism has been discussed. Thus the design criteria to fabricate a flat V-shaped beam is accomplished.
Introduction
Due to the restriction in silicon micromachining processes, there are a limited number of micromachined structures available. As shown in figure 1, micromachined cantilevers [1] , bridges [2] , and V-shaped beams [3] are the structures most commonly used to suspend microdevices. In this regard, a thermal isolation or a deformable micromachined structure can be obtained. Since the V-shaped beam has a high resonant frequency and larger torsional stiffness, it is widely applied to the suspension of sensors [4] [5] [6] , fiber holders [7] , and in atomic force microscopy (AFM) [8] [9] [10] . Unfortunately, these suspended micromachined structures are frequently deformed by thin-film residual stresses [11, 12] . For instance, a micromachined cantilever can be bent by the gradient residual stress [13] and a micromachined bridge can be buckled by the uniform compressive residual stress [14] . Thus, the performance of micromachined devices could be significantly affected [15] [16] .
The techniques to reduce the deformation of the micromachined structures induced by residual stresses have already been reported [17, 18] . In [17] , thin-film residual stresses are reduced by modifying the deposition conditions. Another available approach is to compensate the net effect of the residual stresses using multi-layer thin films, for instance, the oxide-nitride bi-layer structure proposed in [18] . The previous approaches aimed at a reduction of the net thin-film residual stresses; however, their applications are limited by the available materials and fabrication processes. Hence, it is imperative to study the design rules of microstructures for reducing the out-of-plane deformation resulting from residual stress. The effect of residual stress on the deformation of microcantilevers [19, 20] and microbridges [14, 21] has been investigated extensively to date. On the other hand, there is only limited research concerning the deflection of V-shaped beams caused by residual stress [8, 9] . This is mainly due to the complicated shape and boundary conditions of the V-shaped beam. Moreover, uncertain factors during the etching process make it more difficult to predict the deformation of such a microstructure caused by residual stress.
As illustrated in figure 1 , the micromachined cantilever with θ = 0
• and the microbridge with θ = 180
• can be regarded as two limiting cases of the V-shaped beam. In the present study, the out-of-plane deformation of the V-shaped micromachined beam caused by residual stresses is investigated through experimental and analytical approaches. A finite element model was established to predict the effect of residual stresses on the V-shaped beam. An array of SiO 2 Vshaped microbeams with various lengths L, widths W , and top angles θ were fabricated and characterized as a study case. As demonstrated through the analytical and experimental results, the flatness of the V-shaped beam can be remarkably improved by changing its top angle. 
Experiment
The effect of residual stress on the deformation of different V-shaped micromachined SiO 2 beams was investigated in the experiment. The 1 µm thick V-shaped beams with various lengths L (L = 20-140 µm), three different widths (W = 5, 10, and 15 µm), and five different top angles (θ = 30
• , 60
• , 90
• , 120
• , and 150 • ) were fabricated. In addition, SiO 2 microbridges and microcantilevers, 5 µm in width and 20-140 µm in length, were also fabricated to compare their deflection with those of the V-shaped beams. A standard bulk micromachining process was used to fabricate these test beams. The residual stresses of the thermal SiO 2 film were exploited to deform the test beams. The (100) single-crystal Si substrate was placed in the furnace to grow a 1 µm thick thermal oxide layer at 1050
• C for 150 min. After the oxide layer was patterned, the substrate was etched anisotropically by KOH. The test beams were all released from the substrate after being etched for 10 min.
A scanning electron microscopy (SEM) photomicrograph of typical V-shaped micromachined beams of various lengths, L, and top angles, θ , is shown in figure 2 . To determine the effect of residual stresses on the micromachined beams, the out-of-plane deformation of different beams was measured by means of non-contact interferometric profilometry. The outof-plane deflection profile of the test beams shown in figure 3 was measured along the line AB in the experiment. Hence, the amplitude of deflection of the beams at point B was also determined. The measured amplitudes of deformation of the V-shaped beams of different lengths, L, and top angles, θ , are shown in figure 4(a). It is obtained that the deflection amplitude of the V-shaped beams gradually increases with the beam length when their top angles are θ 90
• . In addition, the deflection amplitude of the V-shaped beam decreases when the angle θ increases from 30
• to 90
• . However, the deflection amplitude of the V-shaped cantilevers remarkably increases with the beam length when θ = 120
• . As shown in figure 4(a), the deflection amplitude of the V-shaped beam with θ = 120
• is several times greater than that with θ 90
• . This is apparently due to the buckling effect, and the V-shaped beam has a critical top angle θ cr , with the beam length L and the beam thickness t specified. According to experiment, the critical top angle is 90
• < θ cr < 120
• when L = 40-140 µm and t = 1 µm.
The variation of the deflection amplitude with the beam length L for microcantilevers and microbridges was also measured, as shown in figure 4(b) . The amplitude of deflection of the microcantilever gradually increases with the beam length as the beam was bent by the gradient residual stress [13] . However, the amplitude of deflection of the microbridge increases drastically with the beam length as the beam was buckled by the uniform compressive residual stress [14] . In conclusion, when subjected to residual stresses, the variation of the deflection amplitude with the beam length L of the • are similar to that of the cantilever (θ = 0 • ) shown in figure 5(a) . On the other hand, the deflection profile of the V-shaped beam with θ > 90
• in figure 5 (e) is similar to that of the microbridge (θ = 180
• ) shown in figure 5(f ) . 
Analysis
To analyze the effect of residual stresses on the V-shaped micromachined beams, a three-dimensional finite element model, as shown in figure 6(a) was established. In the finite element model, the beam thickness t was specified; the variation of the out-of-plane deformation with θ and L will be discussed. In order to compare the analytical results with experiment, the thin-film material and the substrate employed in this model were SiO 2 and (100) single-crystal silicon, respectively. The bending of the V-shaped beam caused by the gradient residual stresses was discussed. The nonlinear analysis was also used to study the buckling behavior of the V-shaped beam caused by the mean residual stress. Consequently, the out-of-plane deformation configuration of the V-shaped beams resulting from the thin-film residual stresses can be predicted. Figure 6 (b) shows the variation of the beam length L and the out-of-plane bending deformation at point B for three different top angles θ . The out-of-plane deformation of the point B due to gradient residual stress decreases when the top angle increases. The typical nonlinear finite element method (FEM) result of the buckled V-shaped micromachined beam with a top angle θ = 120
• and beam length L = 140 µm is shown in figure 7 . Figure 7(a) indicates that the Vshaped micromachined beam was buckled downward after being subjected to both mean and gradient residual stresses. after the residual stress exceeds 280 MPa. According to the experiment, the critical top angle θ cr of the V-shaped beam is between 90
• and 120
• . Therefore, the critical buckling stress of the beams with θ = 90
• and θ = 120
• was analyzed through the above approach. In figure 8 , the full and broken curves represent the variation of the critical buckling stress with beam length for the beams with θ = 90
• and θ = 120 • , respectively. From the analytical results it is found that the critical stress of the beam with θ = 90
• is much higher than that of the beam with θ = 120
• . For instance when L = 140 µm, the critical buckling stress is only 280 MPa for the beam with θ = 120
• , however the critical buckling stress becomes 750 MPa for the beam with θ = 90
• .
The orientation of the buckling amplitude of a microbridge is significantly influenced by its initial configuration. As illustrated in figure 9(a) , the initial configuration of the SiO 2 microbridge due to the partially clamped boundaries would lead the microbridge to buckle downwards [21] . As illustrated in figure 9(b) , the initial configuration of the SiO 2 microbridge due to gradient residual stress would lead the microbridge to buckle upwards [21] . The microbridge tends to buckle upward if the gradient residual stress effect dominates the initial configuration; however, the microbridge tends to buckle downwards if the boundary effect dominates the initial configuration [21] . According to the FEM analysis, the initial configuration of the V-shaped beam due to the gradient residual stress and the boundary effect is shown in figure 9(c) . This is due to the position of fixed ends A and C of the V-shaped beam. It is found that the initial configuration of the V-shaped beam caused by the two above effects is remarkably different from that of the microbridge. In summary, the V-shaped SiO 2 beam tends to buckle downwards under such an initial configuration, as shown in figure 9(c) .
Discussion and conclusion
The characteristic of the V-shaped micromachined beam is dependent on the top angle θ. The microcantilever is regarded as a limiting case of the V-shaped beam with θ = 0
• . Similarly, the microbridge is regarded as the other limiting case of the V-shaped beam with θ = 180
• . Since the top angle θ ranges from 0
• to 180
• , the V-shaped beam can be regarded as a geometry transition structure from the microcantilever to the microbridge. Consequently, the V-shaped beam with a small θ can be used to prevent the structure from buckling. On the other hand, the beam with a large θ can be used to prevent the structure from bending. If one chooses the correct top angle of the V-shaped beam, the out-of-plane deformation of the microstructure can be minimized. In the study cases, the bending of the V-shaped beam was reduced by increasing its top angle. Moreover, the buckling problem needs to be considered when the top angle exceeds 90
• . In summary, the optimal top angle in designing a flat V-shaped beam is 90
• < θ < 120
• . In this study, the uniform residual stress of a thin film measured by the diagnostic micromachined cantilever technique was 300 MPa [13] . According to the FEM analysis, the V-shaped beam with a top angle θ = 120
• would not buckle unless L > 140 µm.
However, the V-shaped micromachined beams with θ = 120
• and L > 40 µm all buckled in the experiment. There was a remarkable difference between the FEM analysis and the experiment. In addition, the FEM analysis predicted that a V-shaped micromachined beam subject to the mean and the gradient residual stresses would buckle downwards. On the contrary, the measured V-shaped micromachined beams buckled upwards, as shown in figure 5 . It is believed that the difference between the experimental and analytical results is mainly due to the ignorance of the undercut process in the FEM analysis. This will be demonstrated through the following experiment.
The photomicrographs in figure 10(a) and 10(b) show two SiO 2 V-shaped beams with θ = 60
• , respectively. According to the undercut process, the regions between AB and BC were initially fully undercut. The top of the V-shaped beam was still bonded to the substrate before the bulk etching process ended, as shown in figure 10 . The dark region in figure 10 represents the area where the substrate has not been undercut. Apparently, the structure can be regarded as two microbridges before the V-shaped beam was fully suspended. In figure 10 , the measured deflection profile of the region AB indicates that the microbridges all buckled upward. This buckling characteristic of the microbridge was discussed in [21] . Consequently, the V-shaped beam was induced to buckle upward after the substrate underneath was fully removed. Moreover, the V-shaped beam will be induced to buckle by the buckling microbridge when L > 40 µm, although the uniform residual stress may be smaller than the critical buckling stress.
An experiment was performed in this study to demonstrate the influence of the undercut process on the buckling of the V-shaped beam. In this experiment, a 1 µm thick thermal SiO 2 film was also grown on the (100) single-crystal silicon substrate. The pattern of the structures in figure 10 was aligned parallel to the major flat edge of the substrate as shown in figure 11(a) . As shown in figure 11(b) , the maximum etching rate of the substrate would occur in the y-direction during undercut when the pattern of the V-shaped beam was placed at 45
• to the major flat edge of the substrate. The undercut of the V-shaped beam started from its top region; therefore, the formation of two buckled microbridges during the etching process shown in figure 10 was prevented. The photomicrographs in figure 12 show the undercut of an L = 100 µm and θ = 120
• V-shaped beam at various etching times. From the photomicrographs in figure 12(a) it was found that the top of the V-shaped beam was fully undercut after etching for 5 min. The measured deflection profile of the beam in figure 12 (a) indicated that it was only undercut for 60 µm, and it buckled downwards. When the etching time increased to 10 min, the V-shaped beam was fully undercut, as shown in figure 12(b) , and it remained buckled downwards. This phenomenon agrees with that of the FEM analysis in figure 7 ; it shows that traditional solid mechanics analysis may not accurately predict the deformation of microstructures caused by residual stresses if the fabrication processes are ignored.
